25°C ranging from 18.2±1.8 to 2.1±0.2 milliseconds at -10 to +50 mV, two orders of magnitude faster than previously described kinetics of the rapid component of the delayed rectifier K' current. At 16°C, I,s activation was greatly slowed (r at +10 mV, 46.7±4.1 milliseconds; r at 250C, 7.1±0.8 milliseconds; P<.01), and the envelope of tails test was satisfied. The reversal potential of ISU, tail currents changed linearly with log [K']0 (slope, 55.3+2.9 mV per decade), and the fully activated current-voltage relation showed substantial outward rectification. Selective inhibition of IU with 50 &mol/L 4AP increased human atrial action potential duration by 66±11% (P<.01). In conclusion, IS,. in human atrial myocytes is due to a very rapidly activating delayed rectifier K+ current, which shows limited slow inactivation, is insensitive to tetraethylammonium, Ba2', and dendrotoxin, and is highly sensitive to 4AP. These properties resemble the characteristics of channels encoded by the Kvl.5 group of cardiac cDNAs and may represent a physiologically significant manifestation of such channels in human atrium. (Circ Res.
1 k likelihood of reentrant cardiac arrhythmias is greatly influenced by the properties of tissue refractoriness,12 and action potential duration is therefore a major determinant of a number of clinically important arrhythmias. The duration of the cardiac action potential is governed by the balance between a variety of inward and outward currents that flow during the depolarized, and particularly the plateau, phase of the action potential.
Several outward K' currents have been identified in human atrial cardiomyocytes. The After an initial 5 minutes in this solution, the chunks were reincubated in a similar solution containing 390 U/mL collagenase (CLS II, Worthington Biochemical Corp, Freehold, NJ) and 4 U/mL protease (type XXIV, Sigma). The first supernatant was removed after 45 minutes and discarded. The chunks were then reincubated in a fresh enzyme-containing solution. Microscopic examination of the medium was performed every 15 minutes to determine the number and quality of the isolated cells. When the yield appeared to be maximal, the chunks were suspended in a solution of the following composition (mmol/L): KCI, 20 ; KH2PO4, 10; glutaurine, 10; EGTA, 10; and albumin 1%; pH adjusted to 7.4 with KOH. Then the solution was gently pipetted. Only quiescent rod-shaped cells showing clear cross striations were used. A small aliquot of the solution containing the isolated cells was placed in a 1-mL chamber mounted on the stage of an inverted microscope. Five minutes was allowed for cell adhesion to the bottom of the chamber, and then the cells were superfused at 3 mL/min with a solution containing (mmol/L) NaCl, 126; KCI, 5.4; MgCl2, 0.8; CaCL, 1; NaH2PO4, 0.33; HEPES, 10; and glucose, 5.5 ; pH adjusted to 7.4 with NaOH. In some experiments, the composition of the Tyrode's solution was modified as specified. Experiments were conducted at room temperature (approximately 25°C), at 16°C, or at 36°C. The higher temperature (36°C) was maintained by a thermostatically controlled heating element (N.B. Datyner, Stony Brook, NY); the lower temperature (16°C) was obtained and maintained with a Pelletiereffect device (N.B. Datyner).
Data Acquisition and Analysis
The whole-cell patch-clamp technique was used to record ionic currents and action potentials in the voltage-and current-clamp mode, respectively. Borosilicate glass electrodes (outer diameter, 1.0 mm) were used, with tip resistances of 2.5 to 4 Mfl (3.1+0.5 Mfl, n=100) when filled with (mM) potassium aspartate, 110; KCl, 20; MgCl2, 1; HEPES, 10; EGTA, 5; Mg2-ATP, 5; and Na2-creatine phosphate, 5 (pH adjusted to 7.4 with KOH). The electrodes were connected to a patch-clamp amplifier (Axopatch 1-D, Axon Instruments, Foster City, Calif). The reference electrode was in contact with the bath solution via a 3-mol/L KCl-agar bridge to minimize changes in junction potentials after changing the electrolyte content of bath solutions. Command pulses were generated by a 12-bit digital-toanalog converter controlled by PCLAMP software (Axon Instruments). Recordings were low-pass-filtered at 1 kHz, and data were acquired by analog-to-digital conversion (model TM 125, Scientific Solutions, Solon, Ohio) and stored on the hard disk of an IBM ATcompatible computer. The maximum sampling rate possible was 100 kHz, but because a maximum of 2048 points can be obtained with PCLAMP for each data record, acquisition rates in the present experiments varied from just over 20 kHz (for 100-millisecond data sets) to 0.2 kHz (for 10-second data sets). In some experiments (eg, when current activation was studied), a dual clock option available in PCLAMP was used to allow for sampling of the initial 40 milliseconds of data at 25 kHz, with slower sampling for the remainder of the data set. A nonlinear least-squares curve-fitting program using the Marquardt procedure (CLAMPFIT in PCLAmP) was used to fit current activation and deactivation to single exponential functions.
In all of the cells studied, junction potentials (4 to 17 mV) were zeroed before formation of the membrane- 1,u,, after verifying that 1SUS was not altered by the addition of Ba21 as described below. In addition, in some experiments, leak currents were minimal, and no correction for leakage was performed. Results from these experiments were the same as from those in which leakage correction was applied. Both values are over 25 times the cell length. During maximum current flow, the corresponding sc estimates become 620 and 880 ,um, in the range of 10 times the cell length. These may be underestimates, since membrane infolding results in a true surface area larger than that of a right cylinder. The surface area estimated on the basis of a specific capacitance of 1 liF/cm2 is about twice as large as the value given above, in agreement with histological studies of the cell surface in rabbit atrium. 24 The amplitude of peak ,tol was measured as the difference between the peak transient outward current and the sustained current level at the end of the pulse (Fig 1) . When IS,U becomes increasingly larger (see Fig 8) . Thus (Fig 7E) , and 2 mmol/L 4AP completely suppressed the time-dependent current ( Fig 7F) . Fig 8D (n=4) . These data strongly resemble the results (Fig 8C) obtained with the protocol shown in Fig 8A. The steady-state activation curve of I1,u was constructed from data obtained with the protocol in Fig 8A  by plotting Iu, tail current (normalized to the maximum current) as a function of test potential (Fig 8E) . These data were well described by a single Boltzmann distri- Rectification properties were studied by analyzing the fully activated I-V relation with the protocol illustrated in Fig 9C. Tail currents were corrected for incomplete deactivation as previously described'1 by dividing the time-dependent (peak minus steady-state) tail current by (l-aTp/a+50), where aTp and a+5o are the activation variable at the test potential and +50 mV, respectively. The results show substantial outward rectification at potentials positive to -10 mV.
Envelope of Tails Test
Because of the rapid activation of L,,U at 25°C, it was difficult to obtain sufficient information for an accurate envelope of tails analysis. Therefore, we studied ISUS at 16°C (using prepulses to inactivate I,l according to the protocol illustrated in Fig lOA) . The properties of Isu, were similar to those observed at 25°C (Fig 8) , except that current kinetics were slowed (eg, the activation time constant at 16°C averaged 46.7±4.1 milliseconds at +10 mV versus 7.1±0.8 milliseconds [P<.01] at 25°C and the same potential). The scaled tail currents were superimposed on the activating current tracing (Fig 10A  and lOB) , indicating that the envelope test was satisfied. Observations in Cells Lacking Ito,
In the course of these experiments, we observed 10 cells (out of a total of approximately 100) lacking any current resembling I,,, on depolarization from -80 mV to potentials as positive as +60 mV. These cells appeared otherwise normal. Their capacitance (78±8 pF before and 64±5 pF after series resistance and capacitance compensation), capacitive time constant (431±48 microseconds before and 135±+11 microseconds after compensation), series resistance (5.5-+±20 MQ before and 2.1+0.7 MQl after compensation), and input resistance (1.6 +0.6 Gfl) were not significantly different from those determined in other cells. They averaged 92±6 ,um in length and 9.0+0.4 gm in width, similar to other cells.
In these cells, depolarizing pulses at 25°C revealed a current with properties of 1S, as shown in Fig 1lA and Philipson et a132 cloned cDNA (hPCN1) encoding for an islet cell K' channel from human pancreatic tissue, with significant homology and functional properties similar to HK2. On expression of this cDNA in Xenopus oocytes, the resulting K' currents activated rapidly, with time constants in the range of 20 milliseconds at -10 mV and 1 millisecond at +60 mV. Steady-state inactivation was observed at HPs more positive than -50 mV, and the current was fully inactivated at potentials positive to -10 mV. The current was insensitive to TEA but highly sensitive to 4AP, with 30% to 38% block at 50 ,umol/L and 54% to 62% block with 100 ,umol/L 4AP.
More recently, Fedida et al17 cloned a cDNA (fHK) from a fetal human heart library. K+ channels encoded by fHK carry a K+ current with many similarities to the currents described above. There is substantial sequence homology between fHK and hPCN1 and slightly less homology with HK2. The properties of currents resulting from expression of fHK in a human epithelial kidney cell line include rapid activation (time constants of 11.8 milliseconds at 0 mV and 1.6 milliseconds at +60 mV), K+ selectivity, and slow inactivation at positive potentials (approximately 40% after 10 seconds at +50 mV). The rat atrial channel also appears to manifest stronger voltage-dependent inactivation.
Jeck and Boyden37 have recently observed a very rapidly activating outward current that shows little inactivation in 23% of neonatal puppy cells. The ionic nature of this current was not studied in detail, but it was found to change little or not at all on exposure to 2 mmol/L 4AP. The precise nature of this current and its relation to cloned and other native channels remains to be elucidated.
Relation to Classic Delayed Rectifier Currents and Potential Significance
Delayed rectifier currents in the heart were first described by Noble Fig 8A, n=6) ; *, studies at 250C, without prepulses, with lsus measured from the current at the end of a 2-second pulse (as in Fig 8B, n=4) ; v, studies at 25°C, in cells lacking It,, (as in Fig 11, n=10) ; and v, studies at 3600, without prepulses and with lsus measured from the current at 2 seconds of a depolarizing pulse (as in Fig 8B, n=8) 
Potential Limitations
The most important limitation of these studies is the difficulty of separating I,,U from other currents, particularly I,L1. We have achieved this goal in three ways: (1) by studying current selectively blocked by very low (50 4umol/L) concentrations of 4AP, (2) by using conditioning pulses to inactivate It.,, and (3) Fig 8A, n=6) , (2) studies at 250C, without prepulses, with 'SuS measured from the current at the end of a 2-second pulse (as in Fig 8B,  n=4) , (3) studies at 36°C, without prepulses, and I,U measured from the current at 2 seconds of a depolarizing pulse (same voltage protocol as in Fig 8B, 
Conclusions
We have defined the properties of the current underlying the sustained outward current elicited by depolarization of human atrial myocytes. The properties of this current suggest that it is the native counterpart to Kvl.5 channels cloned from human cardiac tissue. Because of its extremely rapid activation and relative lack of inactivation at physiological temperatures, ISt can contribute to repolarization of the human atrial action potential and to the determination of action potential duration. Consideration of this current may lead to new insights into the physiological and pharmacologic determinants of human atrial repolarization.
